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The active swimming medusa of the scyphozoan, Aurelia aurita, develops from
a rather inactive, sessile polyp, the scyphistoma. Seasonally, larval medusae
(ephyrae) develop by transverse budding of the scyphistoma. This process of
medusa formation is termed strobilation, and the scyphistoma at this stage is called
a strobila. The ephyrae begin swimming movements while still attached to the
strobila.  After swimming activity begins, the ephyrae are released to grow and
mature into medusae.

Prior to the production of medusae the musculature of a scyphistoma is entirely
nonstriated and the nervous system consists of a diffuse nerve net (DNN) func-
tionally arranged in segments (Chapman, 1965, 1966). The development of
swimming behavior involves the acquisition of the striated swimming muscles,
ganglionic pacemakers, and a through-conducting nerve net which coordinates the
swimming beats. The sequence of behavioral and electrophysiological events
occurring during the ontogeny of swimming activity are described in the preceding
paper (Schwab, 1977, with the conclusion that the coordinating mechanisms in-
volved in swimming are new features of the medusa and not simply modifications
of polyp mechanisms. This paper is an investigation undertaken to test this
hypothesis by examining the effects of 1ons and the drugs on the behavior of the
scyphistoma, strobila, and adult medusa.

There have been a number of studies examining the effects of ionic variation on
the swimming rhythm of scyphomedusae. The effects of the major ions in sea water
were determined by using solutions containing those ions in excess of sea water
concentration (Mayer, 1906, 1914; Bullock, 1943; Horridge, 1939). The results
obtained by these investigators are difficult to interpret since osmotic concentration
was not maintained constant. In this study the major ions were reduced or deleted
and the osmotic concentration kept constant by substituting another ionic species
for the deleted ton.

There have also been many studies on the effects of pharmacological agents on
the swinuming rhythm of scyphomedusae. Romanes (1877, 1885) observed the effect
of various “poisons” (chloroform, “strichnia,” curare, and “morphia”) on scypho-
medusae and found them to have inhibitory effects on the swimming rhythm.
Horridge (1959) found that tryptamine accelerates the swimming rhythm of
Cyanea and Aurelia but acetylcholine with and without physostigmine, adrenaline,

1 Contribution No. 36 from the Tallahassee, Sopchoppy, and Gulf Coast Marine Biological
Association. Supported in part by NSE Grant GB-36437 (to S. K. Pierce) and Chesapeake

Bay Funds. ) ) )
2 Present address: Department of Developmental and Cell Biology, School of Biological
Sciences, University of California, Irvine, California 92717.

251



252 WALTER E. SCHWAB

curare, ephedrine, histamine, and 5-hydroxytryptamine had no effect. A substance,
as yet unidentified, has been extracted from marginal ganglia of A. awrita and
found to either increase or decrease spontaneous swinming activity of A. aurita
depending on the coucentration (Barnes and Horridge, 1965).  Scyphomedusae,
and probably coelenterates as a group, are pharmacologically different from other
phyla in being generally unresponsive to common neurohumors (Horridge, 1959
Barnes and Horridge, 1965) and to tetrodotoxin (Mackie, 1968 ; Schwab, 1972;
Ball and Case. 1973).

The approach used in this study is to examine the effects of a number of
pharmacological agents and ionic alterations on the behavior of medusae and
compare those responses with those of the scyphistoma and strobila.  This approach
is based on the idea that different coordinating systems in the several life stages
might be reflected as different response patterns to ions and drugs. With the
response patterns for the medusa established and divided into classes, one or two
of the test solutions were selected from each response class and tested on the
scyphistoma and strobila.  Finding different response patterns would strengthen the
hypothesis that coordinating svstems of the different life stages are fundamentally
different and not sunply subtle alterations of the elements present in previous stages.

MATERIALS AND METITODS
Animals

Medusae of Aurelic aurita (53-8 em i diameter) were collected from the Eel
Pond. Woods Hole, Massachusetts. The medusae were kept in a deep tank with
slowly flowing sea water until they were used. Polvps of #I. aurita were abtained
from the Supply Department, Marine Diological Laboratory, Woods Ilole, Massa-
chusetts.  Some additional polyps (Woods THole strain) were obtained from
Dr. Dorothy Spangenberg ( University of Colorado, Boulder, Colorado). Scvphis-
tomae were maintained in 1 -free artificial sea water (AS\W) to prevent strobilation
(Spangenberg, 1971 for additional details on the maintenance of polyp cultures
see Schwab, 1977).  Scyphistomae, previously maintained in I-free ASVV, stro-
bilate in 6-8 weeks after the polyps are transferred to ASW containing 10 ® a1 KI
(Spangenberg, personal communication).

Recording methods

The mechanical activity of swimming medusae was recorded from animals in a
constant-temperature chamber containing either sea water (SW) or a test solution
maintained at the storage tank temperature (15-18° C). The animals were
wdividually suspended by a hook placed in the aboral mesoglea and connected by
silk suture /¢ a light spring to a force-displacement transducer.  Raising or
lowering the transducer adjusted the tension so that the medusa was kept off the
bottom of the chamber. The output of each transducer was recorded on a four-
channel oscillograph.  In order to reduce artifacts resulting from swimming move-
ments, electrical recordings were made from isolated marginal ganglia. Marginal
ganglia were removed from medusae and pinned, aboral side up, in a constant
temperature chamber adjusted to the temperature of the S\V holding tank. A
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glass suction electrode with a tip aperture of 50 pm (Schwab, 1977) was attached
to the aboral suriace of the rhopalium near the ocellus.

Mechanical activity of the tentacles of the scyphistoma was monitored visually
or by a photoelectric device and electrical activity was detected with glass suction
electrodes (Schwab, 1977). Mechanical activity of the strobila was recorded
by observing the tissue and manually deflecting an event marker on a penwriter.
Electrical activity from the marginal ganglia of attached ephyrae was recorded by
¢lass suction electrodes.

Electrical potentials from medusae, ephyrae, and scyphistomae were recorded
between the glass suction electrode and an Ag/AgCl, indifferent bath electrode.
Recorded activity was amplified by a high gain AC-amiplifier with a long-time con-
stant and displayed on an oscilloscope and penwriter.

Test solutions

Artificial sea water (ASW) and isosmotic ASW test solutions of various ionic
compositions were made from stock solutious prepared with reagent grade chemicals
and deionized distilled water (Wilkens, 1970). Cl--free solutions were prepared
with either isethionate or propionate as chloride substitutes. The Cl--free isethionate
solution contained 491.4 mar Na*, 10.0 mar K, 9.8 ma Ca*, 50.8 ma Mg*?, 65.6
ma SO,7% and 491.4 mar isethionate. The concentrations of the ionic species in all
other isomotic test solutions are tabulated in Wilkens (1970).

Isosmotic test solutions containing an ionic concentration less than that found
in SW were prepared by mixing SW with the ion-free solution in appropriate
volumes. The ionic concentration of these test solutions will be expressed as a
percentage of the concentration of that jonic species normally found in SW. The
test solution containing 10877 Na* was a 1:1 mixture of sea water and 0.54 af
NaCl (i.e., 509 Ca*?, 50% K*, and 50% SOy *). The solutions containing phar-
macological agents were prepared by dissolving the chemical in SW. The pH and
osmotic concentration of all test solutions were determined before use. The solu-
tions were titrated with either NaOH or HCl to pH 7.8 (pH of SW). Osmotic
concentrations were measured with a freezing point depression osmometer and
adjusted to 925 mOsmol with deionized distilled water.

Expertmental design

The protocol used for recording mechanical swimming activity of medusae
consisted of a 20 min SW control period, a 20 min test period, and a 20 min
SW recovery period. At the end of the control period thie S\ was removed from
the chamber and replaced with 200 ml of the test solution. Following the test
period, medusae which ceased to swim were electrically stimulated with platinum
pin electrodes, insulated to the tip and inserted into the mesoglea immediately
adjacent to the circular swimming muscles. The animals were clectrically stimulated
once per sec (150 V, 10 msec) for 10 to 153 sec. This gross stimulation
determined if the swimming muscles were capable of contracting in the test solution.
TFollowing this stimulation, the test solution was drawn off, the chamber and animals
washed with 50 ml SW and, finally, the test solution replaced by 200 ml SW.

The mechanical activity in each test solution was analyzed by counting the
beats per min (bpm) for each animal during the 20 min control period and the
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last 5 min of the test period, determining the difference between them and
obtaining the mean difference for the experimental group. The last 5 min of the
test period was used in order to obtain the maximum effect of the test solution in
the test period. The same control, test, and recovery periods, as well as the
solution exchanging procedure used during the mechanical recordings of intact
medusae, were also used with isolated ganglia.

Since the tentacles of the polyp are developmentally iomologous to the rhopalia
of mednsae (Thiel, 19066) and are the most electrically active tissue of the polyp
(Schwab, 1977), this study was restricted to the differential responses of the
tentacles to 1ons and pharmacological agents.

The same 20 min control period, test period, and recovery period used with
medusae was also used with scyphistomae.  Electrical and mechanical recordings,
lowever, were done simultancously rather than sequentially as with medusae. To
test the responsiveness of the muscles in the presence of the test solution, the
tentacles were electrically stimulated wia platmum pin electrodes insulated to
the tip with teflon. Solutions were added to the test contammer (see Schwab,
1977) by a gravity fed, polvethylene tube system. As the solution flowed into
the test container it overflowed into a larger, outer chamber from whence it
was withdrawn by a vacuum line, thus maintaining constant the water level of the
test chamber. Fifty ml of a new solution was used to wash out the 1.4 ml volume
of the test container. Preliminary experiments had determined that a 10 ml/min
rate of flow through the test chamber did uot result in any observable response
of the polyp to the mechanical stimulus of the changing solution.

The effects of ionic variation and drugs on the electrical and mechanical activity
associated with beating activity of ephyrae attached to a strobila were determmed
by using the same 20 min control. test and recovery period. The methods of
recording electrical and mechanical activity, electrical stunulation, and solution
exchanging procedure were the same as that used with scyphistomae. All experi-
ments on both scyphistamae and strobilae were done at 4° Cin a constant-tempera-
ture bath to maintain the animals at the temperature in which they were cultured.

REesuLTs
Effects of test solutions on the swinuming system of medusae

The effects of test solutions on the mechanical events of swinuning are
summarized in Table I. Total inhibition of swinmning activity was defined as the
complete absence of spontaneous swimming activity in all animals tested during
the last 5 min in the test solution. Swimming muscles were considered nonfunctional
when they did not respond to electrical stimulation during total inhibition of
swimming activity. The effects of all solutions tested fell into four types
(Table I).

Type T showed no effect on muscles or marginal gaunglia. Typical records of
the Type I response are shown in Figure 1.

Type TI showed total or partial inhibition of swimming beats and marginal
ganglion activity, but animals were still responsive to electrical stimulation (Fig. 1).
Ten test solutions had a Type II effect on medusae (Table I) and apparently
resulted from inhibition of marginal ganglion activity. Intermediate Na* concen-
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TABLE

Liffects of test solutions on the mechauical activity of the swimming muscles and electrical activily of the
marginal ganglia.

.M;-antn}iffexence e
in beat frequenc otal inhib- N X
Response | Test solution (isosmotic test (beats/min 4 - ition of Inhibition l\i?jc(]a(lee:’:ifﬁzx‘luh
type solutions from Wilkins, 1970) e j'(‘]’é‘_ N -‘L’:"}i‘;;ﬁfggs of MGPs? |  stimulation?
crease in fre- “activity ? (— = not tested)
quency)
1 ASW — 534351 |12 no no =
I EDTA (2 mwm) + 2.7 £ 4.0 4 no no ==
I EGTA (2 M) + 7.0 £41.0 4 no no —
I 1089, NaCl —10.8 & 6.7 4 no no —
1 Tyramine (102 M) — 3.3/ 3.6 4 no no -
[ Cl-free (Prop.) AS\V + 3.0 £ 4.5 6 no no —
11 Na*-free ASW —31.9 £ 3.6 | 6 ves ves yes
[ i ASW —33.9 £ 25%| 6 no yes —
11 [KH-free ASW —25.1 = 1.3*| 0| no yes ==
IT Cl-free (ISE) ASW —20.2 £ 3.8%| 4 no ves —
I Cat2free ASW (+EGTA) | —27.4 £ 3.3*| 7 no yes ==
I Ca*2free ASW (NC)** —38.8 = 3.4* | 8 no yes —
11 | Ca*-free Li ASW —37.6 £ 4.3* | 4 ; no ves —
11 Na*-Ca*-free AS\V —27.6 &£ 4.2*% | 4 no yes —
(+EGTA)
1 Na*t-Ca*?-free ASW —36.5 &£ 2.6% | 4 no yes —
(NC)**
I Nat-Ca*2-Mg*2-free ASW | —34.5 £ 5.0% | 4 ves yes yes
(+EDTA)
111 | Procaine (1072 a1) —33.1 £3.2*| 6 yes ves no
[ Caffeine (1072 ) —38.2 £ 37| 6 ves ves no
111 Tryptamine (1072 M) —30.0 £+ 3.8% | 4 ves ves no
[ Veratrine (1:10° w/v) —26.7 £09* | 4 ves yes 1no
v Mg *2-free ASW (+EDTA) | +30.5 £ 5.6% | 4 no no —
v Mg *"2-free ASW (NC)** +20.5 £ 4.0 | 4 no no -
IV | Ca*2-Ngt-free ASW +14.3 £2.7% | 4 no no —
(+EDTA)
IV | Cat®:-Ngte-free ASW +18.7 £2.8%| 4 1o no —
(NC)** 1 |

* P <0.05.
** NC = No chelator.

trations, between 0% Na*, and 507 Na* concentrations, resulted in significant
decreases in the rate of swimming activity (Table IT).

Type I11 showed inhibition of swimming beats and MGPs, and the preparation
was unresponsive to electrical stimulation (Fig. 1). The effective doses for these
compounds are shown in Table 11[. Characteristically the effect of these drugs,
especially at the lower concentrations, was a decrease in contraction amplitude with-
out a change in rate. Similarly, recovery was characterized by an increase in
contraction height without a change in rate. In tryptamine (10 a1) or veratrine
(1:10° w/v), medusae failed to recover during the 20 min recovery period ; how-
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RESPONSE CONTROL TEST ELECTRICAL RECOVERY
TYPE SOLUTION STIM.
wechanicar IR it - A
| LI ey My ey \“\‘\‘\\\ (i
Electrical bedesie ‘ Hl.. e { H M«W
Mechanical  [RFFREERRIOGR U L Lbapeadk R A
]
Electrical - (USSR L £ A1 SOUY
Mechanical L No Response
1]
Electrical - 2 B
Mechanical I Reseonts A, AN, 4,
v
Electrical - ity PRRRTERRAR O AL (YRRRTALT
Ficure 1. Sample records of the mechanical responses of intact medusae (upper traces)

and electrical responses of isolated marginal ganglia (lower traces) to test solutions classi-

fied according to response types:

I, no effect;

11, inhibitory effect on pacemaker activity; III,

both pacemaker activity and swimming muscles were inhibited; IV, pacemakers excited.

ever, these drugs could be washed out after an extended period in S\V.

In the

case of veratrine, for instance, small contractions began 3 lir after SW replaced the

test solution.

TasLe 11
Effects of reduced ionic concentrations on the swimming system of A. aurita.
Mean difference in beat fre- Total inhibition Muscle responds
Response | Test solution quency (beats/min + s.e.: +, N of spontaneous | Inhibition to electrical
type (% of S\W) increase; —, decrease in - swimming of MGPs? stimnlation?
frequency) activity (— = not tested)
il 509, Nat —39.9 + 2.5* 4 no ves
i1 09, Na+ —36.7 & 4.7** 4 ves ves ves
1 09, K+ —26.6 & 3.6** 4 1o ves —
11 % Cat? —19.4 &+ 4.0* 4 no yves =
V 209, Mg+? +22.4 & 3.5% 4 no no =
IV 109, Mg,? +22.9 4 42* L3 no no —
* P < 0.05.

** P <0.01.
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TaLE 111

Effects of drugs on the swimming system of A. aurita.

Mean difference in e
Response Test solution (}::g ‘,‘lfl‘;‘}l”:é“;-‘; . N ;Tl‘(')‘ntll(l)t“;l]ig:- Inhibition I\]t](;_‘nlfle:‘(t):’_il:%rlldb
type i Sincreases —,'d.e'— - taneous swim- of MGPs? stimulation?
crease in frequency) ming activity? (— = not tested)
IT1 102z Procaine =38l 25 Fi | 6 ! ves ves ves
111 5 X 1073 31 Procaine —31.7 &£ 2.7* 6 yes yes ves
11 107% a1 Procaine —24.2 & 3.9* [ no ves
11 5 X 107% & Procaine — 0.1 & 3.2* 1| no yes =
111 1072 M Caffeine —38.2 &£ 3.7* 6 yes yes yes
It 5 X 107% a1 Caffeine =3l gt Z$~ 6 | yes ves yes
It 2.5 X 10 * M Caffeine | —19.7 & 3.1* 6 no yes —
11 1073 m Caffeine — 7324 |6 no yes ==
111 102 M Tryptamine —25.9 £ 3.8** + ves yes yes
11 1073 a1 Tryptamine —15.2 £ 1.9%* | {4 no yes =
It 1:10° Veratrine —26.7 = 0.9%** | | yes yes yes
I1 1:10* Veratrine —27.4 & 4.9%* | | no yes —
t
*P < 0.05.
¥+ P < 0.01.

rEE P < 0.001.

Type IV showed an increased rate of mechanical activity. This was seen in solu-
tions lacking Mg*? or with rednced Mg** concentrations (Table 11). In SW the
appearance of the hell alternates between a disk (relaxed) and a bell (swimming
contraction). During high frequencies of contraction, as in Mg*™-iree ASW,
activity was erratic and the animal assumed a constant bell shape due to incomplete
relaxations (Fig. 1, Type IV). Sometimes this response was more pronounced
and the medusa lost coordination ; many contractile events could be seen occurring
independently in different sectors of the bell.  The mechanical activity returned
to normal following replacement of the test solution with S\V (Fig. 1. Type IV).
Similarly, isolated ganglia showed a high rate of activity in both Mg*™-free and
Ca*2-free ASW (Tig. 1, Type IV). The increased swinuning activity in Ca*-
Mg*2-free ASW is surprising, since reducing Ca'? alone is inhibitory. Apparently
the absence of Ca*? canmot reverse the excitatory effect in the absence of Mg**.

One possible response pattern, inhibition of swinming activity without affecting
MGP activity (i.c., uncoupling muscle contractions from GFNN activity), was
not seen with any of the test solutions.

Effect of test solutions on the tentacular systen of polyps

The tentacular system responded quite differently than the swimming system to
the solutions tested (Table 1V)). Procaine, which inhibits both pacemaker activity
and the swimming muscles of medusae and Mg**-free AS\V, which leads to hyper-
excitability in medusae, had no effect on spontaneous electrical activity and tentacle
movements in polyps. In medusae, Na*-free ASW inhibits marginal pacemaker
output in the swimming system but in the polyp both TCPs and tentacle contractility
are inhibited. The swinuning system and the tentacular system responded similarly
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TABLE IV

Differential responses of the three stages of the life cycle of Aurelia aurita to test solutions.

Response type

(No response)

11
(Inhibition of pace-
maker activity)

111
(Inhibition of pace-
makers and swim-

ming muscles)

v
(Increase in pace-
maker output)

Swimming system
of the medusa

Tentacular system

of the polyp

Beating system of
the strobila

to Ca**-free AS\V.

CASW

ASW
Procaine (107% )
Mg*2free ASW

ASW

Procaine (1072 n)

Mg*2-free Li
ASW

Na'-free ASW
Ca*2-free Li ASW

Ca'2-free L1 ASW

Procaine (1072 m)

Nat-free ASW

Na*-free ASW

Mg*2-free ASW

Mg*2free ASW

tions are shown in Iigure 2.

Effects of test solutions on the beating system of attached ephyrae

Typical responses of the tentacular system to the test solu-

The effects of the test solutions on the beating system are shown in Figure 3.
ASW, procaine (10-% ar), and Ca**-iree Li ASW had no effect on the beating

RESPONSE
TYPE

i

Frcure 2.

EFFECT OF TEST SOLUTIONS ON THE
TENTACULAR SYSTEM

CONTROL

TEST
SOLUTION

=

ELECTRICAL
STIM.

RESPONDS

RESPONDS

NO RESPONSE

RECOVERY

Effect of test solutions on the tentacular system classified according to the

response types established for the medusa: I, no effect; II, only the TCPs were inhibited; IIT,
both TCPs and the muscles were inhibited.
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EFFECT OF TEST SOLUTIONS ON THE
BEATING SYSTEM

RESPONSE TEST ELECTRICAL
TYPE CONTROL SOLUTION STIM. RECOVERY
RESPONDS —l

I T T NO RESPONSE SE TG

v IS G S| RESPONDS ———r

Ficure 3. Effect of test solutions on the beating system classified according to the
response types established for the medusa: I, no effect; IT1, both pacemakers and beating muscles
were inhibited; IV, pacemakers excited.

system. Na'-free ASW inhibited both electrical and beating activity while Mg+2-
free ASW caused an increase in the rate of beating (Table TV).

DiscussioN

Most of the test solutions had either no effect (Type I) or an inhibitory effect
on swimning activity of medusae which resulted from an mhibition of pacemaker
activity (Type I1) or an inhibition of both pacemakers and swimming muscles
(Type IIT). Tour test solutions increased swinnming activity (Type IV response).
This increased rate of swimming in the absence of Mg was surprising, although
adding excess Mg*™ to sea water is a commonly used anaesthetic for marine
invertebrates.  Haliclystus auricula, a sessile scyphozoan, does not exhibit the
swimming contractions normally associated with medusae. Stauromedusae, such
as H. auricula have been considered to be derived from scyphistomae which failed
to completely develop into free medusae (Hyman, 1940). Therefore, residual
pacemaker activity has been suspected, but none has been demonstrated (Gwilliam,
1960). Residual pacemaker activity might be detected in the absence of Mg**;
however, . auricula failed to show any excitatory effects thus providing additional
evidence for the complete lack of pacemaker activity in these animals. In addition,
the hydromedusae, Sarsia tubulosa and Aequorea aequorea, do not respond with an
increase in swimming activity in the absence of Mg*# (Schwab, unpublished observa-
tions).

The increased rate of swinuning activity in Mg**-free AS\V was caused by an
increase in the rate of pacemaker firing. The absolute refractory period of the
swimming muscles in sea water is approximately 0.7 sec (Bullock, 1943; Pantin
and Vianna Dias, 1932), which corresponds to a maximum possible rate of
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85 bpm. The highest stimulation frequency to which a ganglion-free muscle
preparation will respond in a one-to-one fashion is 1.3 pulses/sec (Bullock, 1943)
or 78 bpm. The rate of activity caused by the test solutions did not exceed the
upper limits determined from the control animals (approx 80 bpm). Therefore,
the increase in rate probably resulted from pacemaker excitation only, and a decrease
in the refractory period of the muscles need not be postulated.

Many investigators have subjected coelenterates to media containing various
pharmacologically active compounds.  For instance, the svmpathomimetics,
tryptamine and tyramine, were found to initiate contractions in the anemone,
Calliactis, but adrenaline was without effect (Ross, 1945, 1957). In the hydroid,
Corvimorpha, tyramine increases electrical activity (Ball and Case, 1973). The me-
dusac of . aurita responded differently to both of these compounds. Tyramine
was totally without effect on the swimming svstem of .l. aurita, vet tryptamine
inhibited both pacemakers and swimming muscles (contra Horridge, 1959). Vera-
trine, a mixture of alkaloids, causes contracture in vertebrate skeletal muscle and
spontaneous contractions in Celliactis (Ross, 1945) but, at the same concentration,
did not cause contracture of the swinming muscles; rather it inhibited both pace-
makers and swimming muscles. Caffeine, which also causes contracture in verte-
brate skeletal muscle, stimulates vertebrate cardiac muscle and excites the central
nervous system, had none of these effects on the medusa of A. aurita but rather
caused the same inhibition as tryptamine, veratrine, and procaine. Tetrodotoxin
(TTX) and procaine both block the action potential in squid axons (Nakamura,
Nakajima, and Grundfest, 1965: Taylor, 1959). TTX had no effect on the
swimming system (Schwal, 1972) but procaine, previously thought to affect
only the swimming muscles (Schwab, 1972), blocks both the swimming muscles
aud the MGPs.  Similarly, TTX has also failed to block electrical activity in the
hydroids Corymorpha (Ball and Case, 1973) and Cordylophora (Mackie, 1968).
Many other compounds, effective in other systems (e.g.. acetylcholine, adrenaline,
histamine, curare, ephedrine, and 3-hyvdroxvtryptamine) are also withont effect
on the scyphozoan swimming system (FHorridge, 1939). This evidence shows that
the coelenterate neuromuscular system is pharmacologically quite different from
those in other phyla, and further, that the scyphozoan neuromuscular system is
pharmacologically quite different from other classes of Cnidaria.

There are several differences between the effects of ionic variation on the swim-
ming activity of A. awrita and those reported earlier for other species of medusae
(Mayer, 1906; Horridge, 1956a, 1). For instance, excess Ca'® totally inhibited
swimming activity in Cassiopca andromeda and C. wamanchana but only partially
imhibited swimming activity in A. aurita. Excess Na* totally inhibited swimming
activity of C. ramanchana, whereas excess Na* had no significant effect on the
activity of A. aurita. Since no information is available on the ionic mechanisms
underlving cnidarian nervous activity, these differences. at the moment, cannot be
explained. The results also cannot eliminate the possibility that the test solutions
which inhibited or stimulated pacemaker output may have affected the inputs to
pacemakers rather than pacemakers directly. The exact site of each effect and the
mechanism behind the cffects remains unknown.

Regardless of mechanism, the responses obtained from the medusa of A. aurita
are useful as an index of physiological maturity when compared with the responses
obtained from other stages of the life cycle. For instance, Mg*>-free ASW, which
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greatly increased swimming activity in medusae and beating activity in ephyrae,
had no effect on the polyp. The excitatory effect of Mg**-free ASVW on the ephyra
supports the hypothesis that the excitatory effect of Mg**-free ASW is general to
the pacemakers found in swimming scyphozoan forms. Thus the development of
the Type IV response may be considered as the development of a medusoid
response. The Type III response to procaine was specific to the adult medusa and
1s also considered a medusoid response.  Physiological development is not complete
in the ephyra, since the Type IT1 response to procaine was not observed. Although
the comparison of the responses between the polyp, strobila, and medusa show no
other clear relationships, the limited number of test solutions used was sufficient
to establish that the tentacular system, beating system, and swimming system are
physiologically different.

In summary, the transformation of the sessile polyp to an active swimming
medusa involves the development of both active pacemakers interconnected by a
fast, through-conducting nerve net and striated swimming muscles. Both develop
during strobilation causing the ephyra to exhibit swimming behavior similar to
the medusa. Perhaps this similarity between the medusa and ephyra previously
obscured the similarities between the polyp and ephyra.  Now there is evidence that
the newly acquired medusoid nerve net and accompanying behavior in the strobila
(i.c., ephyra) is superimposed over a polypoid nerve net and behavior (Schwab,
1977). The evidence presented here suggests that the strobila is not only a
developmental mixture of both polypoid and medusoid behavioral characteristics
but also physiological characteristics. In spite of obvious similarities, the beating
system of the ephyra and the swimming system of the medusa are not physiologically
or behaviorally identical. Therefore, as the ephyra matures into an adult, morpho-
logical maturation must, perforce, be accompanied by further physiological matura-
tion of the neuromuscular system respousible for producing the swimming move-
ments.

I thank S. K. Pierce for his advice and laboratory space. I also thank
7. G. Morin for the use of his laboratory space in Woods Iole and R. K. Josephson
for his critical reading of the manuscript and his suggestions for its revision.

SUMMARY

1. The respouses of Aurelia medusae to pharmacological agents and ionic
-ariation were classified into four response types: Type I, no response: Type 11,
inhibition of pacemaker activitv: Type III, inhibition of both pacemakers and
swimming muscles; and Type IV, increase in pacemaker output.

2. The swimming pacemakers of Aurelia medusae hecome hyperactive in Mg**-
free solutions (Type IV). This response appears to be general in swimming
scyphozoa.

3. The response pattern to pharmacologically-active compounds indicates that
the coelenterate neuromuscular svstem is quite different than those in other phyla.
In fact, the response spectrum is not consistent within the Cnidaria.

4. Similarly, the responses of adult medusae to ionic variation show no con-
sistent pattern within various scyphomedusac.

5. Test solutions from each response type established with medusae were
selected and tested on the scyphistoma and strobila stages. The comparison of
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the responses to the test solutions between the medusa, scyphistoma, and strobila
showed that the neuromuscular systems are physiologically different. The strobila,
specifically the ephyra. is a mixture of both polypoid and medusoid response types.
The strobila, therefore, is physiologically an intermediate stage in the development
of the adult medusa.
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